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RAPID COMMUNICATION
Metanephros organogenesis is highly stimulated by vitamin A
derivatives in organ culture
JOSÉ VILAR, THIERRY GILBERT, EVELYNE MOREAU, and CLAUDIE MERLET-BENICHOU
INSERM U319, Développement Normal et Pathologique des Fonctions Epithéliales, Université Denis Diderot, Paris, France
Metanephros organogenesis is highly stimulated by vitamin A deriva-
tives in organ culture. Vitamin A and its metabolic derivatives are known
to be key signalling molecules in regulating morphogenetic events in
vertebrate development. Here we investigated their possible involvement
during mammalian kidney development using paired rat metanephros
organ culture. Metanephroi were explanted from 14-day-old embryos and
cultured for six days in a chemically defined medium containing a retinoid
at a dose of 10— to iO M. Retinol, all-trans and 9-cis retinoic acid were
able to promote metanephros growth and differentiation in vitro. A
significant increase in the number of nephrons was observed from 10 M
of retinol and 10— M of all-trans retinoic acid, before any change in
growth parameters. A threefold increase in the number of nephrons was
obtained at a dose of 10 M. At low retinoid Concentrations, there was a
modulating effect of triiodothyronine on retinoid-stimulated nephrogen-
esis since the absence of triiodothyronine in the medium enhanced the
nephrogenic stimulation. Exposure of metanephroi from 13-day-old em-
bryos to all-trans retinoic acid (10 M) led to a sixfold increase of nephron
formation. Finally, we analyzed the branching pattern of the ureteriC bud
and showed that within 48 hours of culture, it was significantly more
developed upon retinoid exposure. In conclusion, this study demonstrates
that retinoic acid is a key regulator of renal organogenesis in controlling
nephrogenic induction processes and ureteric bud patterning, and that the
younger the metanephros, the greater the effect.
Metanephros formation arises from the combination of the
ureteric bud, an epithelial outgrowth of the Wolffian duct, with
the nephrogenic mesenchyme. Dichotomous divisions of the
ureteric bud and epithelium-mesenchyme interactions at its ter-
minal buds, lead the metanephrogenic mesenchyme to condensate
and to differentiate into the glomerular and tubular structures of
the nephron [reviewed in 1, 2]. The expression of molecules and
genes thus far known to be involved in these processes has been
recently reviewed [3, 4]. Among them, several growth factors and
their receptors are expressed in the metanephros, suggesting that
they might play a role in the nephrogenic signals across meta-
nephros organogenesis [5, 6]. Additionally, a number of transcrip-
tion factors like homeogenes products have been described in the
course of early metanephros specification [7—9] and during the
sequential steps of mesenchyme conversion into epithelium [10,
111. Recently, Wnt family members have been proposed to play
key role in nephron induction processes [12, 131. Nevertheless,
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little is known about the factor(s) which regulate(s) this coordi-
nated spatio-temporal gene expression during kidney organogen-
esis.
One of the most documented regulatory factors known to be
involved in the regulation of many key steps during embryogenesis
is all-trans retinoic acid (RA), which is a naturally occurring signal
molecule derived from vitamin A (or retinol, RE) [14—161. This
biologically active retinoid metabolite is widely believed to be
involved in most of embryonic developmental events like morpho-
genesis and pattern formation, especially in the instances of the
primary body axis (head to tail) and of the central nervous system,
where local exposure to exogenous RA induces dramatic changes
which are likely to result from changes in cell identity [17, 181. RA
also plays a key role in skeletal patterning and morphogenesis of
the limb [19, 20]. Several investigations have suggested that
retinoids were involved in the control of other tissue differentia-
tion, as judged by the occurrence of multiple and severe congen-
ital malformations in offspring of vitamin A deficient (VAD) dams
[21, 22]. Among those developmental anomalies, the genito-
urinary tract was frequently concerned [23]. Hypoplastic ureters,
and ectopic or horseshoe kidneys were observed, and the defects
could be prevented by early administration of vitamin A to the
mother, concomitant to metanephros formation [241. Recently, a
direct evidence for retinoic acid involvement in the early steps of
metanephros formation, via one class of its nuclear receptors
(RARs), has been reported in double mutant mice deficient for
several combinations of RAR isoforms, leading to hypoplasia or
agenesis [25, 26]. However, underlying mechanisms remain un-
known. In addition, contradictory data have been gained from in
vitro investigations aiming at studying the effects of exogenous
RA. Whereas no effect of RA supplementation has been reported
in organ cultures of metanephros [271, other studies have shown a
potent stimulation of tubulogenesis when RA was applied to renal
cell cultures [28]. Further investigations therefore appear to be
necessary to determine whether RA exerts a control on the
mechanisms of nephron ontogeny.
In the present work we attempted to further explore the effects
of exogenous retinoids in metanephros development through the
use of serum-free metanephros organ culture. In addition to
classical evaluation of overall growth of the explanted meta-
nephroi, we used an original quantitative approach of nephron
formation [29]. This allowed us to demonstrate that retinoids
induce a dose-dependent stimulation of in vitro nephrogenesis.
Moreover, at early stages of development, the in vitro renal
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organogenesis is highly dependent upon the presence of exoge-
nous retinoids. We then analyzed the effect of triiodothyronine on
retinoid-stimulated nephrogenesis and discussed our data in
terms of nuclear receptors interactions. Finally, examination of
the ureteric bud branching revealed more tips upon retinoid-
exposure. This model of renal organogenesis combined to RA
stimulated differentiation may therefore represent a useful in vitro
approach to specify the physiology of retinoids during kidney
development and the molecular mechanisms that control induc-
tion of nephrons in the embryonic kidney.
Methods
Metanephros isolation and culture
Metanephros organ culture was performed as previously de-
scribed [29, 30]. Briefly, Sprague-Dawley female rats of known
mating date (day zero of pregnancy was the day following mating)
were anesthetized and laparotomized. Fetuses were aseptically
removed and metanephroi from fetuses of embryonic day 13
(E13) and 14 (E14) were collected and freed of exogenous tissue.
Explants were placed onto a 0.8 m Millipore AA filter (Milli-
pore, Saint-Quentin-en-Yvelines, France), floating on a defined
serum-free medium and incubated for six days in 35-mm Petri
dishes at 37 0.5°C in a humidified incubator (5% C02), Defined
medium composition, as originally described by Avner et al [311,
was DMEM/F12 supplemented with 15 mrvi HEPES, sodium
bicarbonate 45 mrvi (pH 7.45) and transferrin (6.2 X 10 M),
selenium (6.8 X iO M), insulin (8.3 x i0 M), triiodothyronine
(2 >< i09 M) and prostaglandin E1 (7 X 10 M). This medium
supports normal organogenesis and is perfectly well suited for
metanephros differentiation [30]. Culture medium was changed
daily and no antibiotic or fungicide was present throughout the
experiment. New aliquots of each additive were used at every new
metanephros culture. To characterize the effects of retinoids,
some experiments were carried out without triiodothyronine in
the culture medium.
Special care has been taken to prepare solutions of all-trans-
RE, all-trans RA (Sigma), and 9-cis RA (Biomol Research
Laboratories, PA, USA). Stock solutions of 100 mM RE, 10 mM
RA, and 1 mivi 9-cis RA were made in absolute ethanol and stored
at —20°C in the dark up to one week. Control metanephros were
incubated with less than 1% absolute ethanol. Serial dilutions in
defined medium were performed daily.
We performed paired experiments using both metariephroi of
the same fetus, because the in vitro behavior of explanted meta-
nephros considerably vary from one fetus to another, even for
fetuses from the same litter, as we experienced it [29]. Thus, one
metanephros was grown as a control, and the other was grown in
the same medium supplemented with retinoids. All the data
exposed in the next paragraphs were obtained from those paired
experiments.
Histochemistiy and light microscopy
Glomerular labeling was performed as previously described
[29]. Briefly, filter grown metanephroi were fixed individually in
2% paraformaldehyde in phosphate-buffered saline supplemented
with 0.1 mivi CaC12 and 1 mrvt MgCl2 (PBS/CM) for two hours at
4°C. Then, the metanephroi were carefully detached from the
filter and rinsed sequentially in PBS/CM and in PBS/CM contain-
ing 50 mM NH4C1. After permeabilization with saponin, the
explants were treated with vibrio cholera neuraminidase in so-
dium acetate and chloride buffer (pH 5.5) and labeled with
fluorescein-coupled helix pomatia agglutinin (HPA) and rho-
damin-coupled peanut agglutinin (PNA) for one hour. After
several washes, the metanephric explants were mounted in PBS/
glycerol containing 100 mg/mI of diacylbicyclooctane and 0.1%
sodium azide. Slides were stored at —20°C and could be conserved
for several months. Counting of total glomeruli per explant was
performed by two observers.
Ureteric bud labeling was performed as described for glomer-
ular labeling using fluorescein-coupled dolichos biflorus aggluti-
nm (DBA).
For light microscopy, metanephroi were fixed with 2.5% glu-
taraldehyde in 0.1 M cacodylate buffer (pH 7.4) and washed
overnight in the same buffer. They were then postfixed in 1%
osmium tetroxide, dehydrated through a series of graded ethanol,
infiltrated and flat embedded in Epon. Serial sections of 1 jtm
thick were cut and stained with toluidin blue.
Growth assessment
After glomeruli counting, the surface area of each labeled
metanephroi (expressed as mm2 per explant) was determined
using a video camera assisted by a microcomputer [32]. Then,
protein determination of these explanted metanephroi was car-
ried out. They were first rinsed in distilled water and sonicated for
15 seconds in individual tubes containing 0.5 ml of distilled water.
Protein content was measured according to Lowry's procedure
modified by Larson using serum bovine albumin as standard [33,
34]. Data are expressed as tg of proteins per explant.
Statistical analysis
In this study, to minimize the interassay variability due to the in
vitro behavior heterogeneity of explanted metanephroi from dif-
ferent fetuses, besides the use of paired metanephros organ
cultures, we selected E14 fetuses from whole litter mean weight
between 140 to 160 mg. For E13 embryos, a mean weight of the
whole litter between 70 to 80 mg was selected. Data are reported
as means with their standard errors. All the parameters deter-
mined followed a normal distribution, and consequently, compar-
isons between control and retinoids groups were performed using
the paired Student's t-test. Significance was determined at P <
0.05.
Results
Morphology of explanted metanephros upon RA exposure
We first analyzed by light microscopy the morphology of
metanephroi explanted on day 14 of gestation and cultured for six
days. At the time of explantation, three dichotomous divisions of
the ureteric bud had occurred and the first renal vesicles appeared
near the central end buds of the ureter. As illustrated in Figure
1A, histological sections cut parallel to the filter show that
metanephroi grown under control conditions for six days exhibit
numerous glomerular and tubular structures. At the periphery of
the explanted metanephros, numerous cross-sections of terminal
ureteric bud segments could be identified (Fig. 1D). At higher
magnification, the nephrogenic zone was clearly visible in the
vicinity of the ureteric bud ends (Fig. 1D). Examination of
transversal section (Fig. 1A, inset) highlights the spreading ability
of the explanted metanephros during its in vitro development as
E.S¾'
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Fig. 1. Morphology of E14 rat metanephroi grown for six days on a permeable filter. Explanted metanephroi were cultured in a chemically defined medium
(A, D) or exposed to the same medium supplemented with io M (B) or i0 M all-trans RA (C, E, F). Semi-thin sections (0.9 jm thick) were performed
either parallel to the filter, or transversally (lower insets A, B, C). Metanephros differentiation can pursue normally under these conditions and all the
renal developmental stages can be observed. In controls, a nephrogenic zone is still clearly visible at the periphery of the explanted metanephroi with
mesenchymal cells condensation around the ureteric bud ends (A). At higher magnification, numerous metanephrogenic cells are still not induced after
six days of culture (D). Upon retinoic acid exposure, tubular structures appear more numerous (B and upper inset) and this effect is more pronounced
with a higher dose of RA (C and upper inset). Examination of transversal sections reveals a significant increase in the thickness of the explants that do
not get thinner on the edge (C, lower inset). Examination of the periphery shows that most of the metanephric blastema cells have been induced over
a six-day long culture and many differentiated tubular stuctures are present (E). A continuous renal capsule (arrow) is present in retinoid-exposed
metanephros and numerous elongated cells (arrowheads) maintain a thick border (F). Bars represent 200 jsm in A, B, and C, 50 sm in D and E, and
20 m in F.
Fig. 2. Effect of various concentrations of
retinoids on in vitro growth of E14 embiyonic
kidneys. Metanephroi were grown for six days as
controls in defined medium (0) and the
contralateral metanephroi were cultured in the
presence of retinoid, either all-trans RE (left
panel; U) or all-trans RA (right panel; S). For
each pair, the protein content (upper panel)
and the surface area (lower panel) was
determined. At each concentration point, a
minimum of 6 pairs of metanephroi was used.
Metanephric growth was stimulated at 10' M
RE, but a significant inhibitory effect occurred
at i0 M. For retinoic acid, from i0 to 10
M, a dose-dependent growth stimulation was
observed and was abolished at the dose of i0—
M. P < 0.01 and '"P < 0.001, as compared
to paired controls.
judged by the narrowing of the explant thickness when moving to
the border.
As compared to control, exposure of metanephros to 1 flM RA
in the culture medium for six days did not seem to affect the
overall morphology of the explants (Fig. 1B). Glomeruli and
tubules displayed the same characteristics as in controls. A slight
increase in the number of tubular structures could, however, be
noted and the peripheric nephrogenic zone seems to be reduced.
No obvious difference could be observed in transversal sections
when compared to control (Fig. 1B, inset). However, in the
presence of 100 nM RA (Fig. 1C), the density of glomerular and
tubular structures was considerably increased. Differentiated
structures could be detected at the periphery of the metanephros
near a thin nephrogenic zone. Closer examination of this area
revealed that uninduced mesenchymal cells were extremely rare
(Fig. 1 E, F). The most stricking feature came from transversal
sections which clearly showed that the thickness of the explanted
metanephros was constant up to its edge (Fig. 1C, inset). In this
respect we could note that a thin but strong "capsule"-like
structure was still present all around the metanephros after six
days of RA exposure, and this is clearly visible at the periphery of
the explants (Fig. iF, arrows). In controls, the fragile renal
capsule that exists at the time of explantation was usually not
maintained in vitro, which contributed to the spreading of the
metanephros onto the filter.
RE and RA stimulate overall E14 metanephroi growth in vitro
The effect of retinoids on overall growth was assayed in E14
metanephric kidneys cultured for six days in defined medium
supplemented with RE or RA concentrations ranging from 10
to iO M. Under control conditions, six days of culture lead to a
10-fold increase of the total protein content, to average about 40
tg per metanephros. Addition of RE at a dose of 1 .tM signifi-
cantly increased it as compared to the contralateral control kidney
(Fig. 2). This stimulation had a very steep threshold and induced
a twofold increase of the protein content. At higher RE concen-
trations, this effect rapidly decreased and at the highest concen-
tration we tested (10—a M), the in vitro growth of metanephroi was
significantly reduced, confirming the toxic effect of retinol in
millimolar range concentrations. A similar profile of stimulation
was found when RA was added to the culture medium instead of
RE (Fig. 2). The only noticeable difference was that RA showed
an effect detectable from concentrations in the nanomolar range,
that is, three orders of magnitude below the RE-mediated re-
sponse. The maximal stimulatory effect of RA was also found at 1
jSM, leading to a doubling of the protein content. As for RE
exposure, concentrations of RA higher than i05 M completely
abolished the stimulation.
The same results hold true for metanephroi surface measure-
ments as reported on Figure 2. Increased explant surfaces paral-
leled the increased protein contents. Expressed as percent of the
control values, these variations were, however, less broad due to
the thickening of the explanted metanephroi upon retinoids
exposure.
RE and RA stimulate E14 metanephroi differentiation in vitro
Specific PNA labeling of glomeruli allowed us to number all the
glomeruli present within the whole explanted metanephros and
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Fig. 3. Metanephroi differentiation in vitro
assessed by lectin histochemistiy. Explanted
metanephroi from E14 embryos were grown for
six days in a defined medium in absence (A) or
in the presence (B) of iO- M RA. The PNA
labeling of a pair of E14 metanephroi clearly
indicates an increase of the size of the explant
and of the glomerular structures upon retinoid-
exposure. Bar represents 200 j.m.
thus to analyze the differentiation of the metanephros in vitro. An
example of an E14 metanephros cultured for six days in the
defined medium and submitted to glomerular labeling is in Figure
3A. Examination of the controlateral metanephros cultured with
1 nM RA revealed an obvious increase in the number of glomeruli
(Fig. 3B). Quantification of glomerular structures in control and
retinoid-exposed metanephroi is reported on Figure 4. During the
time of culture, an averaged number of 80 glomeruli appeared in
controls. Addition of RE from 10 - to io- M significantly
increased the number of glomeruli per explant with a sharp
stimulation for I M RE, which led to detect a mean number of
250 nephrons. By contrast, 10 M RE significantly reduced the
number of glomeruli by about 40%. As shown on Figure 4, a
similar stimulatory response was obtained for RA but the effect
was detectable at lower doses. For instance, the supplementation
of 10_Jo M RA in the culture medium was sufficient to induce a
weak but significant increase of in vitro nephrogenesis. With
higher doses, this effect was more pronounced, peaked at I0_6 M
RA, and resulted in the appearance of three times more nephrons
than in controls. Concentration of 10 M RA resulted in a
significant decrease of this effect on metanephros differentiation,
but it was still stimulating. Expressed as percent of the control
values, both RE and RA nephrogenic stimulation curves had a
similar profile (Fig. 4). The maximal increase in the number of
glomeruli plateaued at 200%. However, for a given stimulatory
effect, a two orders of magnitude difference in their concentra-
tions appeared, with RA being the most efficient. Lastly, it should
be noted that for both metabolites, the effect on metanephros
differentiation was first observed at concentration values that did
not yet induce any increase in growth.
9-cis RA also stimulates metanephric growth and differentiation
To further characterize the effects of vitamin A derivatives on
renal differentiation and precise whether both families of nuclear
receptors for RA, namely RAR and RXR, were involved in this
stimulatory effect, we analyzed whether cis RA isomers were able
to stimulate nephrogenesis to the same extent as all-trans RA did.
We chose the 9-cis RA, known to bind to RXRs with high affinity,
and used it at 10b0 to iO M concentration on E14 metanephroi
cultured for six days. As shown on Figure 5, 9-cis RA stimulated
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Fig. 5. Effect of various doses of 9-cis RA on E14 metanephros differentia-
tion in vitro. Metanephroi were grown for six days as controls in a defined
medium and the contralateral metanephroi were cultured in the presence
of 9-cis RA () or all-trans RA (•) from 10—10 to i0 M. Data are
expressed as percent of the nephrogenic stimulation. The same stimula-
tion was observed for both retinoids for concentrations of i0 to i0 M.
At the dose of 10—10 M, 9-cis RA do not induce any significant nephrogenic
stimulation (N = 9).At the same dose, all-trans RA significantly stimulates
in vitro metanephroi differentiation (N = 10). ***p < 0.001, as compared
to paired controls; NS is nonsignificant.
nephrogenesis in vitro to the same extent than all-trans RA, for
i0 to i0 M concentrations. At the lowest dose of 9-cis RA we
tested (10_lu M), no significant increase of metanephros organ
culture differentiation was observed whereas, at the same concen-
tration, all-trans RA was effective in mediating a nephrogenic
response. Protein content determination and surface measure-
ment led to the same conclusions (data not shown).
Is T3 involved in RA mediated nephrogenic stimulation?
Because thyroid hormone receptors (TRs) have been previously
reported to heterodimerize with retinoids nuclear receptors
(RXRs) in order to regulate specific genes expression 35, 36],
we wondered whether triiodothyronine (T3) removal from the
culture medium would have affected the RA-mediated nephro-
genie stimuli. It should be emphasized that at the related kid-
ney developmental stages, although the fetal thyroid is not yet
functional, T3 from maternal origin can freely diffuse across
the placental barrier and therefore may control RA effect on
nephrogenesis in vivo [37—39]. To test this hypothesis, explanted
metanephroi were cultured in a chemically defined medium
free of T3 and supplemented with either RE at the dose of
iO and 106 M, or RA at 10b0, i09 and iO M, or 9-cis
RA at the dose of 10_b and i0 M. Data are reported on
Figure 6. In the presence of optimal RE and RA concentra-
tions, that is, 10—6 M and iO M, respectively, the extent of
stimulation was exactly the same in T3-deficient medium as in
the complete medium used in Figure 4. However, for doses
that usually induced a mild increased number of the nephrons
of about 60%, iO M RE and i09 M RA, removal of the 2 nM
T3 from the culture medium enhanced significantly by twofold
the retinoid-mediated nephrogenic response for both com-
pounds. At the dose of 10— 10 M, RA was able to promote
nephron formation to the same extent with or without T3 in the
culture medium. On the contrary, 10— 10 M 9-cis RA that we
reported to be uneffective under normal condition (Fig. 5),
became a potent stimulator of in vitro nephrogenesis upon T3
removal.
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Fig. 4. Quantitative analyses of in vitro differentiation of E14 embiyonic kidneys. Metanephroi were grown for six days as controls in a defined medium
(0) and the contralateral metanephroi were cultured in the presence of retinoid, either all-trans RE (A; ) or all-trans RA (B; •). The total number
of nephron was determined using the specific glomeruli labeling depicted in Figure 3. Nephrogenic stimulation is significant from 10—8 M RE and 10b0
M RA, and at the most efficient dose for both compound, the number of nephron was tripled. Expressed in percent of the controls, the nephrogenic
stimuli plateaued at 200% increase (C). *p < 0.05, < 0.01 and *** < 0.001, as compared to paired controls.
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Fig. 7. Quantitative analyses of in vitro growth
and differentiation of E13 embtyonic kidneys.
Metanephroi were grown for six days as
controls in a defined medium (LII) and the
contralateral metanephroi were cultured in the
presence of iO- M all-trans RA ().A twofold
increase in growth parameters was measured. In
terms of differentiation, a nearly sixfold
increase in the number of glomeruli was
detected within the explanted metanephroi
grown in presence of retinoic acid. Data were
from 10 pairs of metanephroi. "P < 0.001 as
Glomeruli compared to paired controls.
A B C
0
Cu
E
5,
C)
C
a)C)0
0
a)z
200 -
150 -
100 -
50 -
0-
TJ
*
*
lOOnM 1IIM
All-trans RE
1
100 flM
Fig. 6. Influence of the triiodothyronine on the retinoid-mediated nephrogenic stimulation. In a first series, pairs of E14 metanephroi were grown in a
defined medium containing 2 n of T3 and in the presence or absence of various doses of retinoids. The effect of the retinoids in presence of T3 is
expressed as percent of the controls (). In a second series, pairs of E14 metanephroi were grown in a defined medium depleted of T3 and in the
presence or absence of various doses of retinoids. The effect of the retinoids in absence of T3, expressed as percent of the controls, is denoted by the
shaded bars. For (A) iO— M RE, (B) iO M RA, and (C) 10'° M 9-cis RA, removal of T3 from the culture medium significantly enhanced the
nephrogenic stimulation. Percentage comparisons were performed using the unpaired t-test. *P < 0.05 and ** < 0.01, as compared to the nephrogenic
stimulation obtained in presence of T3.
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E13 metanephros development in vitro is highly dependent on
exogenous RA
At the time of explantation, E13 metanephric rudiments have a
T-shaped ureteric bud surrounded by a loose mesenchyme, free of
any cellular aggregates and nephron anlagen. Under control
conditions, E13 metanephroi grown in vitro have a protein content
that was multiplied by 5 over six days of culture, which is of the
same magnitude as the increase in DNA content of whole kidney
rudiments cultivated in organotypic conditions, as reported [40].
As compared to controls, an additionnal twofold increase in
Surface, mm2
0-
growth parameters was measured upon retinoic acid exposure
(Fig. 7). In the meantime, the number of glomeruli was enhanced
almost by sixfold. In some cases, up to 80 glomeruli could be
numbered which is the number usually reported for six-day-old
E14 metanephros. Interestingly, very immature E13 metanephroi(I-shape or early T-stage, from fetuses of mean litter weight
around 50 mg) completely failed to differentiate in vitro in
chemically defined conditions, despite the elongation of the
ureteric bud, which can lead to a twofold increase in the protein
content by day 6. Addition of 100 nM RA restored their differen-
tiating ability and up to 30 nephrons could be detected.
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Retinoic acid stimulates ureteric bud branching
To explore the role of the ureteric bud in the nephrogenic
stimulation we found upon retinoid exposure, we counted the
number of end buds in E13 and E14 metanephros grown in the
absence or presence of 100 nM retinoic acid. Quantification was
performed on explanted metanephroi grown for two days and
subsequently labeled with DBA. As shown on Figure 8, the
number of end buds was significantly increased within 48 hours of
culture in presence of retinoic acid as compared to controls, in
both E13 and E14 explanted metanephroi.
Discussion
The present data clearly demonstrate that vitamin A and its
main metabolic derivatives stimulate renal organogenesis in se-
rum-free metanephros organ culture. The marked increase in the
number of nephron results from an increased branching capacity
of the ureteric bud, which therefore appears as a main target of
retinoids in the metanephros. Up to now, the effect of vitamin A
supplementation or RARs overexpression on renal development
had not been investigated. On the contraiy, the effect of RARs
knock-out in embryogenesis has been recently reported [25]. Uni-
or bilateral agenesis were observed in null double RARay mutant
mice. These findings highlighted RA involvement in ureteric
budding from the wolffian duct and for the initial contact with the
metanephric blastema. However, they did not preclude of
RARcsy-mediated RA contribution to subsequent nephrogenesis
processes. More relevant to the present data, which suggest a key
role of retinoids in rat metanephros organogenesis, were previous
studies in vitamin A deprived rat females [211, and more recently,
in null RARa/3 double mutant mice [25], indicating that retinoid
deficiency or knock-out of their receptors may, among other renal
abnormalities, induce renal hypoplasia.
Using an accurate quantitative analysis of in vitro renal differ-
entiation, this study also demonstrates that the effect of vitamin A
* derivatives on the regulation of the number of nephrons is
* dose-dependent. Furthermore, this effect on metanephros differ-
entiation was always detected before any change in growth
parameters. These findings suggest that RA behaves as a regulat-
ing factor for nephrogenesis rather than as a survival factor. The
fact that enhanced protein content was secondary to enhanced
nephrogenesis may explain why a previous study failed to dem-
onstrate any RA-mediated developmental response in mouse
metanephros organ culture, despite the use of similar RA con-
centrations (10—10 to 10—8 M) but shorter exposure (3 days vs. 6
days) [27]. The striking effect of RA supplementation on E13
metanephroi differentiation raises the question of retinoic acid
endogenous concentration. We do observe that E13 rat meta-
nephros may display unconsistent growth and morphogenesis in
vitro, as already pointed out for Eli mouse kidneys [27]. It is
worthwhile to notice that in most embryonic kidney cultures,
serum was frequently added to culture medium which may in turn
bring large amounts of RA [41]. However, even in medium
containing serum, Eli mouse embryonic kidneys cultured for six
days do not develop more than a tenth of glomeruli, which is
consistent with our data [42]. No data are available on the
retinoids content in the developing metanephros. But retinoids
are present in a variety of embryonic tissues where RA concen-
tration can vary from 10 to 100 nM [41, 43]. In the transfilter
culture of uninduced metanephric mesenchyme, the most potent
renal inducer turned out to be the spinal cord, which is one of the
richest embryonic tissues in RA with a concentration of around
100 nM [41, 44]. Altogether, this suggests that endogenous RA
reserve in E13 rat and Eli mouse metanephros could be very low.
Of particular interest is the fact that the stimulatory effect we
detected was significant for supplementation of retinoids in the
nanomolar range of concentration, which has been reported to be
in the range of physiological embryonic tissue concentrations [41,
43]. Additionally, the order of potency of RE and RA was
consistent with their positions in the vitamin A oxidative pathway,
the effectiveness of RA stimulation being greater than that of RE.
Cellular RA concentration mainly stems from a two steps mech-
anism of RE oxydation. Specific dehydrogenases and/or cellular
binding proteins are involved in each oxydation step [14]. This
may explain the two orders of magnitude difference between the
stimulatory effects of both retinoids. This shift between RE and
RA-mediated response was still maintained when the retinoids
concentrations were raised above the micromolar range, but
nephrogenesis was no longer stimulated, and rather inhibited,
presumably as a result of cytotoxic effect of retinoids as already
described in other systems [45, 46]. Regarding the 9-cis RA, the
same stimulation of nephron formation was observed within the
iO to iO M concentration range than under all-trans RA
supplementation. This pointed out a physiological role of the 9-cis
isomer in renal organogenesis, which might in turn open the
debate of the presence of the 9-cis isomer in mammalian embryos
that have been reported to lack this isoform [41]. However, it
should be noted that, at the dose of the cis isomer did not
stimulate nephrogenesis whereas the all-trans isomer was able to
do so, which strongly suggests that all-trans RA is the key
metabolite of vitamin A in promoting renal differentiation in vivo.
However, conversion of some all-trans RA into 9-cis isomer may
have occurred and a synergistic action of these two compound by
their nuclear receptors cannot be excluded (see below). On the
opposite, high dose of vitamin A (10k M RE) clearly inhibits in
vitro metanephros growth and differentiation. This finding is
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Fig. 8. Effect of retinoic acid on ureteric bud development. Explanted
metanephroi from E13 and E14 embryos were grown for 48 hours in a
defined medium in the absence (fl) or presence () of i0 M RA. The
ureteric bud was labeled using fluorescein-coupled DBA and the number
of ureteric end buds was counted on whole mounted specimen. Data are
from 10 pairs of E13 and 9 pairs of E14 metanephroi. A significant
increase in the number of ureteric tips was detected upon retinoid-
exposure. * * *P < 0.001 as compared to paired controls
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consistent with the potential deleterious effects of excessive doses
of retinoids that usually lead to teratogenicity [reviewed in 471).
Recently, urogenital defects have been reported following high
vitamin A intake during pregnancy [48]. Altogether, it clearly
appears that only a definite range of retinoid concentrations
allows a normal development of the kidney.
A point of potential physiological significance is that the
cellular responsiveness to vitamin A and its metabolites of the
metanephrogenic mesenchyme is sensitive to the presence of
triiodothyronine. From a molecular point of view, many of the
actions of retinoids are mediated through dimerization of retinoid
receptor proteins that are member of the steroid/thyroid/retinoid
hormone receptor family and exert transcriptional control by both
inductive or inhibitory mechanisms [reviewed in 36, 49]. Here we
have indirect evidence that the thyroid receptors (TRs) might be
involved in the regulation of metanephros differentiation. The
potent stimulation of in vitro nephrogenesis obtained with 9-cis
RA, all-trans RA and RE in the absence of T3 suggests that
interactions between TRs and RXRs are likely to occur and may
control the processes that mediate nephrogenesis. Ligand-acti-
vated T3 receptors may down-regulate the expression of a key
factor involved in the nephrogenic stimuli. An alternative pro-
posal to explain the effect of T3 on renal differentiation could be
based upon a reduction of RXRs by TR-RXR heterodimeriza-
tion, titrating out a limiting amount of RXR partner for het-
erodimeric interaction with RAR. This proposal would mean that
RAR-RXR heterodimers might therefore play a significant role to
transduce the retinoid signal during renal development, as it has
been proposed during brain, eye, and heart development [50, 51].
In addition, the very steep increase of nephrogenic stimulation for
doses of RE between iO to 10 M suggested that, at these
concentrations, all-trans retinol cannot be excluded as a physio-
logically significant ligand for RAR-mediated gene expression, as
already proposed [521.
During renal organogenesis multiple epithelium-mesenchyme
interactions control the spatial and temporal organization of the
future kidney. One of the resulting event of these interactions is
branching morphogenesis of the ureteric bud, and the more
branching end buds, the more developed capacity of the ureteric
bud to induce nephron. We demonstrated that RA increased the
ureteric bud branching capacity leading to an increased number of
nephrons. The most straightforward explanation is that RA acts
first on the ureteric bud. Alternatively, RA might act on the
mesenchyme, which in turn dictates the branching pattern. How-
ever, we cannot exclude that RA has no effect on the epithelial
transformation of the metanephric blastema. In addition to
enhanced branching capacity and nephron formation, morpholog-
ical changes were observed at the periphery of the cultured
metanephroi with iO- NI RA. Contrary to what is observed in
control metanephroi and to a lesser extent to those grown in the
presence of i09 M RA, very little non-induced mesenchyme
remained in the peripheral zone. Although many of the meta-
nephric blastemal cells acquired an epithelial phenotype during
renal differentiation, some converted into interstitial and stromal
cells. To this extent, the thick edge and the presence of a thin layer
of elongated cells that seemed to wrap around the explanted
metanephros to prevent it from flattening, that we observed, may
represent either a particular phenotypic differentiation of some
stromal cells grown at the air-medium interface under RA expo-
sure, as reported in oral epithelial differentiation [53], or a specific
effect of RA in order to maintain the renal capsule and define a
renal territory.
Finally, although the present study did not address the molec-
ular mechanisms by which retinoids may stimulate nephrogenesis
and branching morphogenesis, several likely hypotheses can be
formulated in keeping with the numerous potential RA-respon-
sive genes that are known to be expressed in the developing
kidney [4]. Among the genes that are primarily activated by RA
during embryogenesis are genes encoding for homeodomain class
proteins that play a central role in pattern formation during
embryogenesis. Several members of the homeogene family, like
the Hox gene class, are now believed to be involved in specifying
the fate of the mesoderm that will become metanephric mesen-
chyme [8, 9]. They are expressed in all three embryonic excretory
systems in which they act to maintain renal cell phenotype.
However, very little is known about their role and stimulation
during nephrogenesis processes. Another homeogene product,
lim-1, which is one of the earliest markers for the developing
metanephros [7], can also be regulated by RA as it has been
demonstrated to be the case in Xenopus embryo [54]. Of partic-
ular interest in this regard is the fact that lim-1 knock-out mice
lacked kidney [55]. Again, the role of this gene product in renal
organogenesis remains currently unknown. Besides these homeo-
proteins, one possible candidate involved in mediating the RA-
stimulated renal organogenesis could be the proto-oncogene c-ret,
since this protein is present in the ureteric end buds and c-ret
knock-out mice develop renal agenesis [56, 57]. Recently, its
expression has been shown to be induced during neuronal differ-
entiation upon RA exposure [58].
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